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I. INTRODUCI’JON

The delayed action oscillator mechanism has been
suggested by Schopf and Suarez  (1988) to be a potential
mechanism for El Nirlo/Southem Oscillation (ENSO). Us-
ing a linearized version of the Cane and Zkbiak  (1986)
coupled model, Battisti  (1988) showed that this mecha-
nism was at work in the coupled model, that long equam
rial wave propagation and reflection at the Pacitlc  western
boundary were necxxmy  conditions for the coupled sys-
tem to oscillate.

Recently, Li and Clarke (1994), studying historical da-
ta, argued that “extra-physics beyond the delayed action
oscillator is necessary to describe ENSO”. In response,
Mantua and Battisti  (1994) revisited this mechanism and
argued that even if this mechanism cannot explain the lack
of regularity of ENSO events, it eventually provides a w
tential  explanation of growth and termination of these
events. IrI particular, western boundary reflection acts
mainly as a termination mechanism for warm events.

With the full deployment of the TOGA-TAO (Tropi-
cal Ocean-Global Atmosphere - Tropical Atniosphere
Ocean: Hayes et al., 1991) mooring array, and the synoptic
and deme coverage provided by altirnetric satellites (GEO-
SAT from 1985 to 1989, ERS-1 since the end of 1991,
TOPEX/POSEIDON  since October 1992), long wave
propagation and reflection can now be investigated
throughout the tropical Pacii7c bm,in.

In this study, we analyzed TOPEX/POSF~N  sea-
level data (Fu et al., 1994) over the November 1992-
January 1995 period. Standard instrument and environ-
mental corrections (including the inverted barometer
correction) were applied to the data (Callahan, 1994). Ad-
ditionally, the tidal mcxiel of Ma et al. (1994) b&sed on
TOPEX/POSEIDON data was also applied. Along-track
data were binned into a 3° longitude by 0.5° latitude grid
for the analysis p~semted below. Data were filtered with a
50-day Harming f i l ter  except  when specif ied.
TOPEX/POSEIDON  sea-level data were then projected
onto long equatorial waves using Boulanger  and Menkes
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(1995)’s decomposition method. Finally, potentiaI reflec-
tions at both eastern and western Pacific mean boundaries
were examined.

II. LONG WAVE COE1’’Jq(IENTS

A detailed description of both Kelvin and fmt Rossby
wave variability is given by Bculanger  and Menkes  ( 1995)
during tJle November 1992-December 1993 period. In the
following, we only describe the major features. To study
wind forcing variability and its potential contribution to
long equatorial wave signal, ERS- 1 zonal wind stress data
(provided by Dr. David lIalpem)  were projected onto long
wave stmctures. The calculated forcing coefficients were
then integrated along wave characteristics to obtain wave
solutions assuming a 2..5m/s  baroclinic  phase speed. A
Rayleigli friction with a 3 month timescrde  is applied, and
the shallow-water up~r layer thickness is taken to be 70m.
Kelvin and fwst  Rossby  sea-level structures are displayed
in Fiawrc  1.

Kelvin wave coefficient, Fkyres 2a and 2b repxtively
display Kelvin coefficients obtained from the Tip obser-
vations (via wave decomposition) and the integration of
the ERS- 1 wind forcing.. As already found in previous
studies (Delcroix  et al., 1994; Kessler and McPhaden,
1995; Houla.nger and Menkes, 1995), wind forcing ex-
plains n,ost of the wave variability east of 165”E.

Major differences between T/P and ERS- 1 Kelvin co-
efficierlts  can be observed near the western boundary
during the entire ~riod. In particular, from January to No-
vember 1993, T/P Kelvin signal in the western Pacitlc  is
upwellillg (Fig. 2a). However, wind forcing contribution
exhibits a stronger variability with alternating upwelling
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F3gum 1: Meridional stmctums  of sea-level for Kelvin and
fmx Rowby modes (calculated for a 2.5 m/s phase speed).
F-ach w:ive amplitude at a given latitude can be otiined by
rnultipl>ing  the meridional structure to the manic cmfficient.



.

JAN

NOV

SEP

MAF

JAN

NO\

SEF

MAF

N()\

1

KELVIN (T/P)
- -L

I 1 1 I 1 i 1 i 1 8 I I 1 I

)E 180 8

JAN

NOV

SEP

=& JUL

0.
Y

MAY

MAR

JAN

NOV

SEP

~ J U L
o-l

MAY

MAF

JAN

NO\

Iv 1:

–“’””Y
I

Fkum  2: Lormitude-time  Plots of Kelvin wave cccfficicnt  calculated (a: left) from T/I’ sea-level data and (b: right) from inte-
gration along ‘Kelvin wave characterktic.s of ERS- 1 derived Kelvin forcing. Cmfficierus  am nondimemiomalked.  Contour
intervak  rue every 10 units. and negative values axe shaded. An eceanic- coefficient of 10 units would yield to an equatorial
sea-level amplitude of 3.2 cm.

and downwelling waves (Fig. 2b). Then, in January-March
1994, whale the wind forcing is favorable for up welling
Kelvin waves, only downwelling  Kelvin waves are ob-
served in the data. After July, although both T/P and ERS- 1
Kelvin coefficients are downwelling, wind forcing contri-
bution is weaker than the observed amplitude. Therefore.
during the entire period in the western Pacific region
(140°E to 165°E), the wind-forced signal dcm not explain
observed Kelvin wave amplitude. Whether Kelvin wave
signal in this region is coming from reflection of Rossby
waves at the western boundary will be examined in the
following.

First Rossby wave coejjjicien[.  Contrary to Kelvin
wave coefficient, first Rossby wave coefficient (Fig. 3a-b)
displays a strong wmonal
year, downwelling  waves

cycle: at the beginning of the
are wind-forced near 140° W;

during Spring, when the Trades weaken, a strong up-
wellin~ wave is generated from 11 O“W; finally, when the
Trades strengthen. another wind-forced downwelling sig-
nal is observed from 140°W. However, while changes in
the wave amplitudes from 1993 to 1994 seem mainly re-
lated to wind forcing variability @lg. 3b), the observed
Rossby signal near the eastern bundary  seems rather re-
lated to incoming Kelvin waves (compare Figures 2a and
3a) leading to potential refl=tion of Kelvin waves at the
eastern boundary.

III. LONG WAVE REI ‘1 lCI’ION

E(].!fern boundary reflection. Reflections are investi-
gated at two longitudes 84°W and 93°W, respectively
located east and west of the Galapagos Islands. Lf reflec-
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Figure 3: Longitude-time plots of first meridioml Rossby wave coefficie]lt  calculated (a: left) from T/I’ sea-level data and (b:
right) from integration along fmt Rossby wave characteristics of EM-1 derived first  Ross by foxcing. Ceefiicients are non-
dimensionnalised. Contour intervak are everv 10 units. and ne~ative values m shaded. An oceanic coefficient of 10 units would
yield to a sea-level amplitude at 4°N of 2.8 c-m.

tions occur at 8(PW, the time for a fust barocliric  mode
Kelvin wave at 84”W (93°W)  to propagate to and refleet at
the coast and to travel back as a fust meridional Rossby
wave would be 10 days (30 days). First, we compared
Kelvin and first Rossby wave coefficients at both longi-
tudes, and we found that they were correlated at 0.78 at
84”W and 0.64 at 93”W. When TiP Kelvin wave coeffi-
cient is shifted by the corresponding lag. correlation
increased respectively to 0.85 and 0.81. The ratio of fwst
Rossby to Kelvin standard deviations during the pxiod un-
der study is equal to 1.0 at 84”W and 0.8 at 93”W. The fust
value would indicate that the reflection efficiency of South
America coasts is 80% of that of an infinite meridional
wall.

To investigate the variation of wave amplitudes from
84° W to 94”W, Kelvin (fwst Rossby) time series at both

locatiom  are plcxted in I:igure 4c (4d).  Kelvin wave coef-
ficients are eormlated at 0.90, and no significant difference
is observed in the Kelvin signals east and west of the Ga-
lapagos Islands. However, first Rossby wave cocfllcients
are con elated at 0.79, and standard deviation west of Ga-
lapagos Islands is 20% weaker than east. As wind forcing
contribution irt this region is rather weak (Fig. 3b), the drop
in Rossby wave amplitude could be due to the vertical en-
ergy propagation described by Kessler and McCreary
(1993).

Western boundary reflection. Iloulanger and Menkes
(1995) showed that the accuracy in the decomposition cal-
culation in terms of Kelvin and first Rossby wave ampli-
tudes is getting higher when data southern boundary is
southward of 2“S. Therefore, we studied reflection at the
western boundary by i~lvcstigating potential relationship
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Figure 4: (a topleft)  T/P Kelvin wave coefficients at 84”W shifted by 10 days (solid lime) and VP flit Rossby wave ccxfficient
at 84”W; (lx bottom-left) same m (a) but at 93° W; (c: top-right) TIP Kelvin  coefficient at 84°W (solid line) and at 93”W (dmhcd
line); (d bottom-right) saw as (c) but T/P fmt  Rossby wave coefficient.

between Kelvin and first Rossby wave coefficients at
144”E @lg.  5). Due to a possible bias by tides at 60-day
pericd (aliased M2 period in T/p data) in this region of
complex topography, we decided to filter data by a 90-day
Harming fkr. Assuming a 2.5rn/s bardinic phase speed,
the time fcx a first meridional Rossby wave to propagate
from 144”E to 13 WE, to reflect and to travel back to 144”E
as a Kelvin wave is around 30 days. Correlation between
Kelvin and fmt Rossby coefficients is 0.27. When shifting
the first Rossby coefficient by 30 days, it is improved to
0.53. However, except for the January-July 1994 period,
no clear coherency can be observed between both
coefficients. When correlation is calculated only during
these f~st  months of 1994. correlation is found equal to
0.92. One must keep in mind that this ~ricd is short, and
that our filter length is long so that cordldencz level of this
correlation value is not much hQhe.r  than 80%. However, it
confu-ms  that the downwelling Kelvin signal, previously
observed in Figure 2a in the western Pacif7c during the
January-July 1994 period and not explained by wind vari-
ability (Fig. 2b) is indeed related to propagating down-
welling Rossby wave-s forced near the dateline. During this
period, the ratio between Kelvin and f~st Rossby wave
standard deviations is around 0.6, while theory would pre-
dict 0,4 if the boundary is a meridional wall infkite to the
north and bounded at the equator. Our result is roughly
consistent with theory.

Previous results show that Kelvin wave signal in the
western Pacific (west of 165”F.)  during the frost months of
1994 can be explained by first Rossby wave reflection.

However, during the rest of the period observed by the
TOPEX/POSEIDON  altimeter, neither wind forcing nor
first meridional Rossby mode reflection can explain
Kelvin wave variability and amplitude. Whether it comes
from higher Rossby modes, partial reflections at Papua-
New Guinea coasts  as Rossby waves propagate westward,
or other mechanisms (throughflow, non-linearity,...) is not
yet understood.

IV. CONCLUS1ON

TOPEXEOSEIIJON  (T/P) sea-level data were used to
investigate long wave reflection at both eastern and west-
ern boundaries during the more than 2-year period of
observations now avail able . The aim of the present work
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F3grIR 5: T/p Kelvin wave coefficients (solid line) and fmt
Rossby wave coefficients shifted by 30 days (dashed line)
144”E, llrne  series are filtered by a 90-day Harming filter.
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wm to assess the reflection hypothesis of the delayed ac-
tion oscillator (Battisti, 1988; Mantua and Battisti,  1994).

Following Boulanger and Menkes  (1995)’s decompo-
sition method, T/P sea-level data were projected onto long
equatorial wave structures. In thk study, we only focused
on Kelvin and f~st  Rossby waves during the November
1992-January 1995 period. We f~st  observed that Kelvin
wave variability is different from 1993 to 1994, and that
most of it could be explained by wind variations west of
165°E  However, Kelvin wave amplitude near the western
boundary can not be fully explained by wind forcing. In
particular, in January-July 1994, strong downwelling
Rossby waves were propagating westward, while later
downwelling Kelvin waves were observed in this region.
Despite interannual  changes in amplitude, first Rossby
wave signal is found to be strongly dominated by an annual
cycle. Downwelliig  waves are first generatd  in the be-
ginning of the year near 140”W. Then, while the Trades
weaken, a strong upwelling signal is observed. Later
downwelling  waves are forced by strengthening of the
Trades. Strong variability in the wave amplitude is ob-
served from 1993 to 1994. Besides, wind variability d=s
not explain Rossby signal in the eastern Prwiilc region. It
appears indeed to be related to impinging Kelvin waves at
the eastern boundruy. Both boundaries are then examined.

At the eastern boundary, Kelvin waves were actually
reflecting into f~st  Rossby during the entire period. The
reflection efllciency of South America coasts is estimated
to lx 80%0 of that of an infiite meridional wall. While no
significant differences are observed in Kelvin variability
and amplitude west and east of Galapagos Islands, Rossby
wave amplitude is dropping by 20?Z0 when propagating
from 84”W to 93°W. This feature could be explained by a
vertical energy propagation mechanism (Kessler and Mc-
Creary, 1993).

Ile delayed action oscillator theory is based on inter-
annual time scale propagation and reflection of Kelvin and
first Rossby waves. Satellite time coverage is too short to
extract seasonal cycle, therefore our sea-level data are rel-
ative to a January 1993-December 1994 two-year mean.
Although we did not observe any reflection of upwelling
Rossby waves at the end of the warm 1992-1993 ENSO,
we observed reflections of downwelling first Rossby
waves during the January-July 1994 period prior to the
warming observed in late 1994. Whether the lack of other
reflection is due to our d ata set, to the period under study or
to a dependence of reflection occurence on oceanic condi-
tions in the western Pacific will have to be investigated.
Moreover, the ~hral role of long equatorial waves on sea
surface temperature will have to be studied for supporting
the role hypothesized in the delayed action oscillator
theory.
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